Five Fe-bearing dioctahedral smectites (three nontronites and two Fe-rich smectites) were purified using a variety of physical and chemical procedures. The structural formulae indicate one nontronite and one Fe-rich smectite to be montmorillonitic, whereas the other three smectites are beidellitic. MSssbauer spectra showed Fe to be exclusively trivalent and were fitted with three doublets, two of which had quadmpole splittings characteristic of Fe 3+ in octahedral coordination, whereas the third had a distinctly lower quadrupole splitting. Although the position of the Si-O stretching band in the infrared spectra could reflect tetrahedral Fe 3+, the lack of distinctive features prevented a definitive attribution of this component to tetrahedral Fe 3+. The 180/160 data suggest that fractionation of nontronite-water at ambient temperatures (1000 ln~ -23 _+ 2%0) is lower than that ofFe-rich smectite (1000 ln~z -27 _+ 2%0). The estimated formation temperatures of the samples are below 70~
A B S T R A C T:
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Nontronites are the ferric members of dioctahedral smectites, most of which are structural counterparts of beidellite (Brindley, 1980) . The existence of a continuous beidellite-nontronite series was suggested on the basis of chemical analyses by Ross & Hendricks (1945) . However, a nontronite with montmorillonitic structure has been described by KSster (1982) .
Minor amounts of Fe oxides and oxyhydroxides, in particular goethite, are commonly associated with nontronite. Opal has often been found in the vicinity of nontronite occurrences. Such ancillary minerals must be removed from nontronite samples prior to analysis if reliable structural formulae are to be calculated and comparison of different nontronites is to be made. Foster (1951) detected exchangeable Mg ions on the surface of montmorillonites and discussed the influence of this on the measured cation exchange capacity (CEC) and the calculated structural formulae of montmorillonitic clays. Unfortunately this early work has been neglected in subsequent studies.
In this paper we describe procedures for the processing and analysis of clay minerals, and apply these to the mineralogical and chemical characterization of five nontronites and Fe-rich smectites. The aim of the oxygen isotope study was to determine the effect of Fe on smectite-water fractionation and to constrain the temperatures of Fe-smectite formation. We adopt here the definitions of nontronite (>1,0 octahedral Fe per half unit-cell) and Fe-rich smectite (0.3-1.0 octahedral Fe per half unit-cell) of Gtiven (1988) for greenish Fe-bearing smectites.
Fe-rich smectite from Oberpullendorf Burgenland, Austria
The late Miocene basalt stock near Oberpullendorf is located at the western border of the Pannonian basin (Embey-Isztin et al., 1993) .
Iron-rich smectite is a ubiquitous weathering mineral found in vesicles of the basalt and in tuffaceous material (Schwaighofer & Miiller, 1979) . Associated minerals are sphaerosiderite, aragonite and frequently opal (Schroll et al., 1965) .
Fe-rich smectite from Sauteloup, Dordogne, France
The Sauteloup quarry is located 3 km south of the village Buisson near Les Eyzies de Tayac. A palaeokarst sinkhole in Maastrichtian limestones is filled with halloysite-bearing kaolinitic sands of early Tertiary age, which are topped by Eocene ferricretes (Millot, 1970; Simon-Coinqon et aL, 1996) . Green Fe-rich smectite occurs in layers several cm thick or as small veinlets within the ferricretes, close to opal-CT-bearing silcretes (Simon-Coingon et al., 1996) .
CLAY PROCESSING AND ANALYTICAL TECHNIQUES

Clay processing techniques
Crystal chemical studies of smectites require extraction and purification of the minerals of interest from the raw clay samples. Firstly, carbonates and Fe oxides must be removed and cations naturally adsorbed on the clay surface exchanged for a defined cation, e.g. Na. The Na clay is easily dispersible in distilled water. During particle size fractionation, smectites are concentrated almost quantitatively in the finest (<0.2 p.m) clay fraction, whereas all other mineral components and accessories of the clay samples will be concentrated in the coarser fractions.
The clay samples were first treated with a 0.1 M EDTA solution at pH 4.5 and 60~ to decompose carbonates. If this procedure is repeated twice, all Ca adsorbed on the clay is exchanged for Na. Most adsorbed Mg, however, remains on the clay surface and can be exchanged for Na using a weakly alkaline 0.1 M EDTA solution at pH 8.0 (K6ster, 1982; K6ster et al., 1973) .
Iron-rich clay minerals often show a mottling with Fe oxides. Iron oxides, with the exception of magnetite and other Fe-rich minerals of the spinel group and ilmenite, can be removed from clay samples by a reduction with Na dithionite in a Na citrate solution buffered to pH 7.3 with Na bicarbonate (Mehra & Jackson, 1960) . Only minor loss of Fe and changes in the CEC on treating a nontronite in this manner led Mehra & Jackson (1960) to state that the dithionite-citratebicarbonate system "has almost no destructive effect on iron silicate clay minerals". A later study by Russell et al. (1979) indicated significant loss of tetrahedral Fe 3+ from nontronites following dithionite reduction, but the reduction in that study had been carried out in an unbuffered acid environment. The proportion of Fe (5.9%) extracted from a sample of Garfield nontronite associated with goethite by a dithionite treatment in a buffered solution, in contrast, did not differ greatly from that attributed to goethite in the same sample by M6ssbauer spectroscopy (4.6%), indicating that the nontronite may have suffered, at most, minor attack by the dithionite treatment (Murad, 1987) . We believe that purification of the samples with Na dithionite -provided it is carried out in a properly buffered (slightly alkaline) solution -is preferable, for the characterization of nontronites, to an assertion of sample purity without this treatment.
Particle-size fractions were isolated by sieving (>63 ~m), settling (63-20, 20-6, 6-2 and <2 ~tm) , and centrifugation (2-0.6, 0.6 0.2 and <0.2 gm) of the Na clays suspended in distilled water. Generally the finest clay size-fractions (0.6 0.2 and <0.2 ~tm) are free from quartz, feldspar, mica and other accessory minerals. The finest clay fractions contain the smectites and minor amounts of opal or amorphous silica, which can be determined by the method of Hashimoto & Jackson (1960) . Particlesize distributions of the processed smectites are shown in Table 1 .
Analytical methods
Oriented mounts of all <2 gm clay fractions and the 2-20 I-tm fractions were studied by XRD (K6ster, 1995) . About 1% mica and kaolinite can be identified in textured mounts of the glycolated samples on the basis of their basal peaks. Quartz becomes discernible at ~3% by the second most intense peak (spacing 4.25 .A.) and, in the absence of mica, at ~1% by the most intense peak (spacing 3.34 A). Because feldspars generally have a planar morphology parallel to (010), traces of feldspar can be identified in oriented mounts by their 040 peaks. The minerals of the 2-20 gm particle-size fractions were identified and quantified under the phasecontrast microscope (Correns & Piller, 1955) and minerals >20 gm under the polarizing microscope.
The techniques for sample decomposition and chemical analyses (spectrophotometric determinations, flame emission and atomic absorption spectrometry) have been described in detail by Krster (1979) .
The Li test was applied to distinguish beidellitic and montmorillonitic smectites (Greene-Kelly, 1953) . Oriented mounts of Li-saturated clay fractions (<2 ~tm) on porous ceramic plates were heated at 280~ for 3 h, glycolated and X-rayed.
The morphology of the five smectites was observed by transmission electron microscopy (TEM) following the procedures in Vali & K6ster (1986) .
Mrssbauer spectra were taken using a 57Co/eh source moved in a sinusoidal mode. Spectra of the Hoher Hagen, Manito, Oberpullendorf and Sauteloup samples were taken at room temperature. To prevent possible orientation effects, the samples were fused with four to five parts benzophenone at 60~ and the resulting melt ground to a fine powder. Measurements were carried out on absorbers that had Fe concentrations between 2.0 and 4.8 mg/cm 2. Spectra of the Hundsangen (= Olberg) nontronite had been taken previously at 120 K on a <120 I-tin sample (Murad, 1987) . With the exception of the spectrum taken at 4.2 K, all spectra were fitted with three doublets. Further details of the method have been given by Murad (1987) .
Mid-IR transmittance spectra of all samples were taken on a Nicolet Magna 550 FT-IR spectrometer using a KBr beamsplitter and a DTGS detector. The spectral resolution was 4 cm 1 and spectra were collected in the wavenumber range 400-4000 cm -1 (2.5 to 25 gin). Spectra were collected on pellets comprising -1 mg of sample mixed with 300 mg KBr. Band positions were established directly from the spectra and those of shoulders from the first derivatives.
Oxygen was extracted from the clays by reaction with C1F3 (Borthwick & Harmon, 1982) (Clayton & Mayeda, 1963) without pre-fluorination (Hogg et al., 1993) and converted to CO2 by passing over hot graphite: The CO2 was analysed isotopically on a triple collector mass spectrometer. The results are expressed as ~ values in per mil (%o) relative to SMOW. Analytical reproducibility estimated from replicate measurements was better than 0.3%0. The NBS-28 quartz standard gave an average 5180 value of 9.61-I-0.12%o (Icy).
/ RESULTS AND DISCUSSION
Chemical analyses and structural formulae of the nontronites and Fe-rich smectites
The particle size distribution and the mineralogical composition of the analysed size fractions is given in Tables 1 and 2. The finest clay fractions (<0.2 ~tm) of the processed clays consist of pure smeetites. Table 3 lists the chemical analyses of these finest fractions including some key trace elements, in the order of decreasing Fe content.
The trace element concentrations of the samples provide some evidence for the parent materials of the smectites. The high concentrations of Ti in the samples from Manito, 01berg and Oberpullendorf indicate basaltic parent materials, whereas very high amounts of Cr and Ni in the nontronite from the Olberg and Oberpullendorf samples suggest derivation from peridotite olivine and olivine-bearing basaltic parent rocks, respectively. The uncommonly large amounts of Li and Rb in the Oberpullendorf smectite may be due to traces of mica in the fine clay fraction (<0.2 lam). The small amounts of trace elements in the minerals from Hoher Hagen and Sauteloup indicate different source materials and/or genetic conditions. The relatively large amounts of P and Zn in the smectite from Sauteloup may have their source in the Cretaceous limestones which contain phosphorites (Simon-Coingon et al., 1996) .
The structural formulae of the smectites (Table 4 ) have been calculated by the method described by K6ster (1977) . Three variants of calculation are represented: (a) the amounts of CaO, K20 and Na20 are calculated as interlayer cations; (b) instead of adsorbed cations, the CEC is used to calculate the interlayer charge; and (c) the interlayer charge measured by the n-alkylammonium method is used to calculate the structural formula. Calculations (a) and (b) yield identical formulae, but both the external and internal surfaces of the smectite particles are involved in these calculations. In contrast, only internal surfaces enter into calculation (c). The formulae calculated after (c) differ from formulae calculated by (a) or (b) by slightly lower interlayer charges, because the portions of internal and external surfaces of smectite particles are -0.8 and 0.2, respectively, of the total surface area (Vogt & K6ster, 1977) . The differences in the occupancies of octahedral and tetrahedral sites between the calculated formulae of the three variants of calculation are negligible.
Trivalent Fe predominates in the octahedral sites of the smectites from Hoher Hagen, Manito, and I)lberg ( Table 4 ), so that these can be classified as true nontronites. The Fe-rich smectites from Oberpullendorf and Sauteloup, in contrast, have predominantly A1 in octahedral sites. The structures of all five minerals are dioctahedral. Only the Mgrich nontronite from C)lberg shows a certain tendency to di-/trioctahedral substitution. Minor deviations from ideal dioctahedral occupancy in the structures of the other smectites could possibly be attributed to limitations in the precision of chemical analyses (K6ster, 1977) .
The occupancies of the tetrahedral sites cause the smectites from Hoher Hagen, Manito and Oberpullendorf to have a beidellitic structure, whereas the smectites from I)lberg and Sauteloup are montmorillonitic (Table 4 ). These properties are well illustrated in a triangular diagram (Fig. 1) showing the charge distribution among positions of cations in the structure of 2:1 silicates (Krster, 1982) . Nontronites from Hoher Hagen (1) and Manito (2) and the Fe-rich smectite from Oberpullendorf (4) plot close to the muscovite-pyrophyllite tieline, whereas the composition of the nontronite from Olberg (3) and the Fe-rich smectite from Sauteloup (5) is located in or near the field of montmorillonites and thus closer to the pyrophyllite-celadonite tieline. The montrnorillonite field in Fig. 1 is calculated from averages and confidence limits from analyses of 33 purified montmorillonites. The positions of the investigated smectites in the triangular diagram support the possibility of a gap in the solid solution series of beidellitic and montmorillonitic smectites (Kfster, 1982) .
Li test
The Hofmann-Klemen effect is often used to distinguish between beidellitic and montmorillonitic dioctahedral smectites (Greene-Kelly, 1953; 1 The colour of permanganate in solution is often unstable at concentrations < 1 gg/ml, corresponding to < 100 ppm in the original sample n.d.: not determined Bystr6m-Brusewitz, 1975) . Hofmann & Klemen (1950) observed that montmorillonites lost their expanding properties after treatment with solutions of Li salts and heating to 200-300~ The smectites from Hoher Hagen and Manito remained expandable after the Li test, XRD of the glycolated minerals showing sharp 001 and 002 peaks at 17.0 and 8.5 A, respectively. These nontronites should therefore be considered beidellitic.
The Olberg smectite, in contrast, showed an extensive loss of expandability following the Li treatment. The XRD pattern of the glycolated clay showed a sharp peak with a spacing of 9.5 A., but only a very broad, weak peak at 17.0 ,~.. The structural formula of the nontronite as calculated from its chemical analysis shows an almost perfectly montmorillonitic mineral (Table 4) .
The XRD analyses of the glycolated clays from Oberpullendorf and Sauteloup showed strongly broadened 001 and 002 reflections at 18 and 9 A after the Li test, i.e. the smectites did not lose their expanding properties. On the basis of the calculated structural formulae, the Oberpullendorf smectite, however, should be beidellitic and that from Sauteloup montmorillonitic.
The behaviour of the investigated smectites thus casts doubt upon the reliability of the Li test. The broadening of the basal reflections is due to (K6ster, 1982) . The diagram shows the variation fields of celadonites (C), glauconites (G) and montmorillonites (M). Nontronites from Hoher Hagen (1) and Manito (2) and the Fe-rich smectite from Oberpullendorf (4) are beidellitic smectites, i.e. they plot close to the muscovite-pyrophyllite tieline. However, nontronite from Olberg (3) and Fe-rich smectite from Sauteloup (5) are montmorillonitic smectites, i.e. they plot close to the field of montmorillonites (M).
significant reductions in size of the coherently diffracting domains. This reduction in particle size is an outcome of the technique of clay processing. The expanding behaviour of dioctahedral smectites thus cannot be attributed exclusively either to a beidellitic or montmorillonitic character, but also varies with the size of the coherent domains in the particles. The Li test therefore provides unequivocal results only if the X-ray patterns of the Li-treated and glycolated smectites show sharp 17.0 and 8.5 A. spacings in the case of beidellitic smectites or sharp 9.5 A spacings for montmorillonitic smectites. A broadened reflection at 17-18 A. cannot be taken as definitive proof for the presence of a beidellitic component in a clay.
Morphology of smectites
Transmission electron microscope images of the five smectites show different features of smectite particles. The nontronite from Hoher Hagen has lath-shaped particles with curved long edges. The nontronite from Manito also consists of lath-like particles, which are generally aggregated into bundles with split ends. Typical features of the nontronite from the Olberg are short laths passing into laminated flakes. The smectite from Oberpullendorf shows globular aggregates built up by very small lamellae. Foliated aggregates consisting of irregular folded layers are typical of the smectite from Sauteloup, similar to the Wyoming montmorillonites described by Grim & Gfiven (1978, p. 21, their Fig. 3.4) .
M6ssbauer spectroscopy
The results of M6ssbauer spectroscopy are given in Table 5 . All the spectra had two predominant doublets with isomer shifts between 0.35 and 0.40 mm/s. The quadrupole splittings of these two doublets were quite similar for the Hoher Hagen, Manito, Olberg and Sauteloup nontronites, averaging 0.23 and 0.60 mm/s at relative areas of 43 and 45%, respectively. The quadrupole splittings of the Oberpullendorf sample, in contrast, were significantly higher at 0.38 and 1.23 mm/s, the former component making up 79% of the total area and the latter only 12%. The relative areas of the third doublet varied from 4 to 18% and the isomer shifts lay between 0.21 and 0.27 mm/s.
Comparison with simulated spectra showed that <2% of the Fe was divalent. This is in conflict with the chemical data, which indicate that between 4 and almost 8% of the total Fe is divalent. This discrepancy possibly results from a temporal variability of Fe2+/(Fe2++ Fe 3+) ratios due to a gradual oxidation of the originally dithionite treated samples after extended exposure to the atmosphere. The isomer shifts of the predominant doublets given in Table 5 are typical of Fe 3+ in octahedral coordination, and thus in general agreement with the dioctahedral structure of nontronite. The third doublet can also be unequivocally assigned to Fe 3+. The consistently lower isomer shifts of the third doublet could possibly be taken to indicate that these are due to the presence of some tetrahedral Fe in the samples.
Although the high Fe content of nontronite enables the M6ssbauer spectra of this mineral to be taken relatively easily, there is still a lack of general agreement concerning the assignment of spectral components to fits, such as the above. Goodman et al. (1976) fitted M6ssbauer spectra of several nontronites in this manner and assigned two doublets to octahedral Fe 3+ and the third doublet to tetrahedral Fe 3+. Using a more complex model, fitted room-temperature nontronite spectra of high quality with four Fe 3+ doublets, the first three of which were assigned as above and the fourth to interlayer Fe 3+ In an alternative approach, Murad (1987) showed that spectra of nontronites taken both at room and liquid nitrogen temperature could not only be fitted using discrete doublets, but also using distributions of quadrupole-split doublets.
Both of the former models suffer from the inherent weakness that the existence of two discrete doublets ensuing from octahedral Fe 3+ are not supported by structural evidence, which indicates occupation only of the cis-octahedral sites. The quadrupole distribution fits can be explained on the basis of variations of nearest neighbours both in the octahedral and tetrahedral sites, a diversity of defects, etc., leading to quasi-continuous distribution of Fe sites. This approach is, however, complicated technically by the fact that the quadrupole distribution fits require spectra of an extremely high quality that are not always available. The use of two octahedral Fe 3+ doublets thus may serve as an acceptable compromise, provided the two doublets are only taken to provide some indication of the spread of data, and not assigned to specific structural sites.
An additional complication arises from the previously mentioned common association of nontronites with Fe oxides. Because Fe oxides formed in ambient environments tend to be superparamagnetic at room temperature, their M6ssbauer spectra will be unresolvably super- (Murad, 1987; Lear et al., 1988) . The determination of physically meaningful parameters for any nontronite thus obviously either necessitates proof of the absence of associated Fe oxides, the removal of such oxides, or the separation of resonant peaks ensuing from nontronite and from those of the associated oxides.
Removal of the oxides can be effected by chemical treatments, provided these do not attack the nontronite (Russell et al., 1979) . Alternatively, M6ssbauer spectra can be taken at temperatures which are low enough to enable possibly coexisting Fe oxides to order magnetically (usually at -77 K), thus leading to a separation of peaks due to nontronite and Fe oxides (Murad, 1987) .
The tetrahedral Fe contents of nontronites have long been a subject of controversy. In a M6ssbauer study of seven nontronites, Goodman et al. (1976) observed tetrahedral Fe proportions ranging from 6 to 32%. In a similar study of six nontronites, observed tetrahedral Fe 3+ proportions between 4 and 21%. For the standard Garfield nontronites H33a and H33b (values for the latter in italics), the proportion of tetrahedral Fe 3+ was determined using M6ssbauer spectroscopy as 9% (Goodman et al., 1976) , 8% (Besson et al., 1982) , 5.7% and 5.8% (Murad, 1987) . Rozenson & HellerKallai (1977) , Bonnin et aL (1985) , Sherman & Vergo (1988) and Luca (1991) , in contrast, questioned the presence of noticeable proportions of tetrahedral Fe 3+ in these samples. Rancourt et al. (1992) showed recently that a positive identification of tetrahedral Fe 3+ in biotites requires the presence of a distinct shoulder on the low-velocity peak. Since the crystallinities of biotites are generally much better than those of nontronites (as of most clay minerals), the M6ssbauer parameters of the latter will logically be less well defined, thus rendering an unequivocal identification of tetrahedral Fe 3+ in nontronite even more difficult. Our interpretation of the doublets with isomer shifts between 0.21 and 0.27 mm/s is therefore that these indicate the presence of tetrahedral Fe 3+, but that the relative areas of these spectral components represent a measure for the respective maximum proportions of tetrahedral Fe 3+.
The unexpectedly high quadrupole splittings of octahedral Fe 3 § in the Oberpullendorf sample indicate that the environment of Fe 3+ differs distinctly from that in the nontronite structure. It may be that the first octahedral Fe 3+ doublet 589 represents an average value for octahedral Fe 3+ in nontronite, whereas the component with a quadrupole splitting of 1.23 mm/s may result from an ancillary constituent.
IR spectroscopy
The IR spectra of all smectites are dominated by several broad, intense bands in the region between 3450 and 3630 cm -1. Bands centred at -3560 cm 1 decrease and at -3625 cm -~ increase in intensity with decreasing Fe 3+, and are attributed to Fe+-O and Fe3+-O-Mg vibrations, respectively (Grauby et al., 1994) . Bands at ~3450 cm -1 disappeared upon heating the pellets to 180~ in the experiments here, showing that they originate from adsorbed water molecules as in a previous study (Bishop et al., 1994) .
The Si-O stretching band varies in position between 1008 and 1032 cm -l. Goodman et al. (1976) considered the position of this band to reflect the tetrahedral Fe 3+ content, the band shifting to lower wavenumbers with increasing tetrahedral Fe 3+. A comparison of the relevant data from Tables 5 and 6, assuming the low-isomer shift component of the M6ssbauer spectra results from tetrahedral Fe 3+, does not confirm the existence of such a relationship in the present case (Fig. 2) (Russell et al., 1970; Farmer, 1974) . The Fe+OH librations between 815 and 819 cm 1 were strongest in the three 'true' nontronites from Hoher Hagen, Manito and C)lberg, and totally absent and relatively weak in the Oberpullendorf and Sauteloup smectites, respectively, and disappeared from the spectrum of the Sauteloup smectite after heating the pellet to 180~ for 16 h. Minor bands designated subsidiary to those at 815 to 819 cm -1 (Stubican & Roy, 1961) were observed in spectra of the Hoher Hagen and Manito nontronites only.
A subordinate band between 754 and 770 cm 1 with a maximum intensity in the spectrum of the C)lberg nontronite (the sample with the highest Mg content) may result from Fe3+MgOH librations. The band located at an average wavenumber of 680 cm -I can be attributed to Fe-O out-of-plane observations (Russell & Fraser, 1994) ; a similar feature observed by Grauby et al. (1994) for smectites of intermediate composition in the nontronite-saponite series was interpreted as the sum of the two tetrahedral Alvl SiO vibrations influenced by Fe 3+.
In agreement with Goodman et al. (1976) , the bands between 487 and 522 cm 1 and between 450 and 469 cm -1 show a systematic shift to lower wavenumbers as the nontronitic character of the smectites increases, whereas the position of the band between 423 and 433 cm 1 did not show a systematic variation with the smectite composition ( Table 6) .
Comparison of chemical analyses and structural formulae of the nontronites from Hoher Hagen, Manito, and Olberg
Structural formulae of nontronites, from three localities, that differ in their particle-size distributions and the pretreatment procedures used, have been calculated from chemical analyses as described by K6ster (1977) . Also included are previously published data on samples from the same locality. Calcium, K and Na were attributed to the interlayer and the formulae calculated in this manner (Table 7) are consistent and fully comparable. Although some variations of the structural formulae in Table 7 may be due to genuine chemical differences between nontronites sampled at different times from one and the same locality, there are differences that obviously result from sample processing.
Particle-size effects often indicate the presence of foreign minerals. Minor amounts of quartz in sample A from Hoher Hagen, for example, were accounted for by subtracting a corresponding quota of SiO2 (Schneiderh6hn, 1965) . The higher value of tetrahedral Si in the structural formula of this sample compared to our samples (B, C and D) indicates that the quartz content of sample A has been underestimated by Schneiderh6hn (1965) . Accessory quartz, feldspar, mica and kaolinite were identified in the particle size-fraction 0.6-2 lam from Olberg by XRD (Table 2 ). The relatively high Ca content and the unusual layer charge of sample A (< 2 ~tm) from Olberg (K6ster, 1960) may thus be related to traces of feldspar.
The importance of exchanging cations such as Mg adsorbed on the clay surface with NazH2-EDTA solution is documented by comparing the data on untreated and EDTA treated samples from Hoher Hagen. The untreated sample A (Schneiderh6hn, 1965) contains up to three times as much Mg as the EDTA treated samples. Dissolution of Fe oxides and oxyhydroxides using dithionite significantly reduced the apparent structural Fe contents of the nontronite samples from Manito and Olberg. The comparison of the chemical analyses and the calculated structural formulae of nontronites investigated (Table 7) thus confirms the necessity of processing clays prior to analysis. Accessories must be removed by physical extraction or chemical dissolution. The exchange of naturally adsorbed cations from the clay surfaces for Na is helpful for the calculation of structural formulae. Only clays purified as described will illustrate the relations between the chemical and physical properties of clay minerals reliably. Treatments: E = 0.1 M NazHz-EDTA; R = Dithionite-citrate-bicarbonate reduction Treatment of 5 g samples three times each with 100 ml of: EDTA: 0.1 M NazH2 EDTA solution EDTA+NaCI: 0.1 M NazH2 EDTA solution followed by 1 M NaC1 solution EDTA+red.:
Chemical components dissolved during sample processing
0.1 M Na2H2 EDTA solution followed by reductive solvation of iron oxides more sizable quantity of Fe, extracted after reduction with Na dithionite, is due to Fe oxides and oxyhydroxides (mostly goethite) which are attached to the clay. The Mg ions adsorbed on the clay surface will be exchanged quantitatively for Na ions only at neutral to weakly alkaline pH, which can be effected by a 1 M NaC1 solution (pH 7) or a 1 M Na citrate solution buffered with Na bicarbonate (pH 7.3) as used during the reduction of Fe oxides with Na dithionite. In the acid pH range, Mg ions will be exchanged for Na only by repeated treatments with solutions of Na salts (Krster et al., 1973) . Calcium ions will essentially be exchanged quantitatively for Na by the different processing procedures, although treatment with a 1 M NaC1 solution is the most effective. Equal amounts of Mn and Ni are extracted from the nontronites by the different processing procedures. Manganese and Ni will also be extracted by the 0.1 M EDTA solution. The amount of Mn extracted from the Olberg nontronite is -25 times greater than that remaining in the clay (88 ppm Mn, Table 3 ). In contrast, only 400 ppm Ni can be extracted, whereas 2540 ppm Ni remain in the nontronite. This shows that, in analogy to Mg, Ni is located in the octahedral sites of the nontronite structure, and only a minor proportion is adsorbed on the clay surface.
About 3 wt% of the nontronite samples is dissolved by the different processing procedures (Table 8 ). The total quantity of material dissolved may have been somewhat greater, because A1 adsorbed on the clay surface will be also be extracted by the EDTA treatment, but was not determined.
Relation between the b unit-cell dimension and octahedral iron
The XRD analysis of the untreated nontronites and Fe-rich smectites shows the 060 peaks to be broadened due to small particle size. Eggleton (1977) and Brigatti (1983) observed a linear correlation between the b unit-cell dimension and the total Fe contents of dioctahedral Fe-rich smectites. Linear least square regression fits with the 060 values of (Fig. 3) yield almost identical equations if only Fe 3+ ions or if Fe 3+ plus Fe 2+ ions of the structure formulae (Table 4) According to the second formula, the b dimension of dioctahedral smectites ranges between 8.926 and 9.162 A. The values calculated here are nearly identical to those given by Brigatti (1983) .
An unexpected result is that the b dimension of dioctahedral smectites is dominated by the total number of Fe ions in octahedral sites. Theoretically all other cations, such as Mg 2+ in octahedral sites and the substitution of Si 4+ ions by A13+ and Fe 3+ in tetrahedral sites of the crystal structure, should influence the b dimension. Brindley & MacEwan (1953) and Radoslovich (1962) gave empirical equations to calculate b dimensions from structural formulae. Russell & Clark (1978) quoted a corrected formula. The b dimensions calculated from Table 4 after Brindley & MacEwan (1953) , Radoslovich (1962 ), or Russell & Clark (1978 , however, did not agree with the measured b dimensions (Fig. 3) . This discrepancy may have two causes: the authors established the formulae on the basis of chemical analyses of clay samples instead of purified clay minerals; and/or the precision and accuracy of the analyses may have been grossly overestimated. 
Oxygen isotope data
The oxygen isotope compositions of nontronites and Fe-rich smectites are presented in Table 9 . The 8180 values range from 10.7 to 22.3%0. Two <0.2 lam fractions from Manito and Oberpullendorf, which were not treated with dithionite, are 0.7-0.8%0 lighter than the samples thus treated (Table 9) Yeh, 1981; Yapp, 1990) and emphasize the importance of this purification procedure prior to oxygen isotope analysis (Sheppard & Gilg, 1996) . Savin & Lee (1988) 2 using fractionation equation for montmorillonite from Sheppard & Gilg (1996) I~ 3~L K6ster et al.
Oxygen isotope fractionation factors for Fe-rich smectites and nontronites
Oxygen isotope fractionation factors between smectites and water have recently been reviewed by Sheppard & Gilg (1996) . Their new fractionation curve (line A in Fig. 4 ) based on montmorillonites, with the exception of some oceanic samples, combines experimental, empirical and theoretical calibrations. This new fractionation curve is similar to the curve by Yeh & Savin (1977) with corrections by Savin & Lee (1988) and to bondtype calculations for montmorillonites (Savin & Lee, 1988) . The empirical data of Lawrence & Taylor (1972) and theoretical calculations by Savin & Lee (1988) suggest that 180/160 fractionations between smectites and water may decrease with increasing Fe and decreasing A1 content of the smectite. New experimental oxygen isotope fractionation data on the systems gibbsite-water (Bird et al., 1994) and goethite-water (Yapp, 1990) corroborate the general predictions of the Savin & Lee (1988) model. However, Lawrence & Taylor (1972) did not apply standard clay processing techniques to remove Fe oxides or oxyhydroxides from their smectite samples, so that their data must be interpreted with caution. McMurtry et al. (1983) could not find an influence of the Fe content of authigenic oceanic smectites (Fe-rich smectites and nontronites) on the 5180 values. Most subsequent studies, therefore, used the fractionation equation of Yeh & Savin (1977) to interpret nontronite oxygen isotope data.
Our new oxygen isotope data of two chemically contrasting smectites, a nontronite from Manito and an Fe-rich montmorillonitic smectite from Sauteloup, both of weathering origin, were used to constrain the effect of Fe content on oxygen isotope fractionation between smectites and water. The isotopic compositions of Tertiary meteoric waters at these two localities (Table 9) were calculated from the oxygen isotope compositions of cogenetic kaolinites using the fractionation factor for kaolinite-water at ambient temperatures of Sheppard & Gilg (1996) (Lawrence & Taylor, 1972; Pruett & Murray, 1993; Lawrence & Rashkes Meaux, 1993) . These values yield an average 5180 value for local Miocene meteoric waters of ~-11%o, which is similar to the heaviest isotopic composition of fossil groundwaters in the Columbia Plateau basalts (Hearn et al., 1989) . Kaolinites associated with nontronites from the Dordogne area (Sauteloup and Queylou quarry) have 5180 values of 19.7 to 20.1%o (Gilg & Sheppard, unpublished data) and indicate Tertiary meteoric water compositions of ~-5%0. Temperatures of supergene clay formation are estimated at -10-30~ At these temperatures the calculated oxygen isotope fractionation (expressed as 1000 lnc~ values) for nontronite-water (23 _+2%0) is smaller than that for Fe-rich smectite-water (27_+2%o). The latter calibration point is in excellent agreement with the fractionation curve of Sheppard & Gilg (1996) for montmorillonitic smectites. This equation is adopted here also for Fe-rich smectites: 1000 ln~oYngt~orillonite/Fe_rich .... tit .... ter = 2.55 x 106/T 2 + 4.05 (Line A in Fig. 4) Empirical determinations of fractionation factors at low temperatures inevitably have large errors. Thus, a possible influence of the small differences in Fe content between montmorillonites and the Ferich smectite from Sauteloup on oxygen isotope fractionation could not be detected.
The calculated nontronite-water fractionation is consistent with the suggestions of Lawrence & Taylor (1972) and lies on the theoretical fractionation curve of Savin & Lee (1988) This simplification results in negligible deviations of 1000 lnc~ values (<_+0.12%o in the temperature range from 0 to 200~ and thus less than the analytical precision) from those calculated after Savin & Lee (1988) . At the same temperature, the nontronite-water fractionation is -1.5%o smaller than montmorillonite-water. Below I00~ temperatures calculated for a given 1000 lnzt value are -10-20~ lower for nontronite than for the montmorillonite.
Temperature of smectite formation
The formation temperatures of the other investigated Fe-rich smectites and nontronites (Hoher Hagen, I)lberg, Oberpullendorf) are calculated using the fractionation factors mentioned above and estimated oxygen isotope compositions of local Tertiary meteoric waters (Table 9) . These latter values are calculated from 6180 and 6D values of adjacent Tertiary kaolinites of weathering origin (Vortisch & Butz-Braun, 1992; Gilg, 1999; Gilg & Sheppard, unpublished data) . For comparison, the ~lSo values of present-day meteoric waters (Lawrence & Taylor, 1972; Richter, 1986) are also shown in Table 9 . The local Tertiary meteoric waters are 1-5%0 heavier than presentday meteoric waters. Calculated temperatures of Fe-rich smectites and nontronite formation vary between 10 and 35~ These rather low temperatures are consistent with the frequent presence of opal-A in these nontronite occurrences. In Fig. 5 , the formation temperatures of continental nontronites and Fe-rich smectites are compared to those of oceanic origin. Formation temperatures of oceanic smectites including nontronites given by most authors have been calculated from the expression given by Yeh & Savin (1977) , which contains typographical errors (see Savin & Lee, 1988) . We therefore recalculated the formation temperatures of Fe-rich smectites using the expression given by Sheppard & Gilg (1996) . For nontronites, we used the new expression proposed here. It should be noted that the temperatures for nontronite using this fractionation curve are ~10~ lower than those of the Sheppard & Gilg (1996) expression. Both oceanic and continental Fe-rich smectites and nontronites formed under lowtemperature alteration conditions of <70~ Significantly higher temperatures of ferrous smec- Barrett & Friedrichsen, 1982; 2: Stakes & O'Neil, 1982; 3: McMurtry et al., 1983; 4: De Carlo et al., 1983; 5: Murnane & Clague, 1983; 6: Singer et al., 1984; 7: Alt et al., 1987; 8: Stoffers et al., 1990; 9: Decarreau et al., 1990; 10: Botz & Stoffers, 1992; ll: McMurtry et al., 1993; 12: Hein et aL, 1979; 13: McMurtry & Yeh, 1981; 14: Cole, 1985; 15: McMurtry et al., 1983; 16: Sch6ps et al., 1993) .
tite formation (90-140~ have been reported by Cole (1983) . However, these samples contained fine-grained sulphides and probably also amorphous silica. Because a detrimental influence of oxygen isotope fractionation by oxysulphur compounds, as well as contamination by silica cannot be excluded, the data of Cole (1983) are not considered reliable.
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CONCLUSIONS
(1) Reliable structural formulae of smectites from chemical analyses require appropriate pre-treatmerits to remove accessory minerals (e.g. Fe oxides and oxyhydroxides) and exchange adsorbed ions, (e.g. Mg).
(2) Structural formulae of five Fe-rich smectites and nontronites from continental settings that vary widely in their Fe contents show only very minor deviations from the ideal octahedral occupation of 2.0 ions per half cell unit. There is no evidence for dioctahedral-trioctahedral substitution.
(3) Most nontronites have beidellitic structures, the nontronite from Olberg, which has a montmorillonitic structure, being a rare exception. Iron-rich smectites may have either beidellitic or montmorillonitic structures, but there is no indication of a complete solid-solution series between these smectires.
(4) The Hofmann-Klemen effect in the form of the Li test cannot serve to distinguish beidellitic and montmorillonitic smectites unequivocally.
(5) The proposed classification scheme of Gtiven (1988) distinguishing greenish Fe-rich smectites and nontronites (both >0.3 octahedral Fe ions per half unit-cell) from not-greenish montmorillonites and beidellites (<0.3 octahedral Fe ions per half unitcell) is confirmed by our data. However, the distinction between Fe-rich smectites and nontronites (< or >1.0 octahedral Fe ions per half unitcell) of Gfiven (1988) appears arbitrary.
(6) There is no significant difference in formation temperature between Fe-rich smectites and nontronites from continental and oceanic settings: all form below -70~ (7) According to our data, the oxygen isotope fractionation between an Fe-rich montmorillonitic smectite and water (1000 ln~ = 27_+2%o) is larger than that of a nontronite and water (1000 ln~ = 23+2%o) at ambient temperatures. These results suggest a significant influence of Fe on the lSO/160 fractionation between clay minerals and water.
